Involvement of auxin polar transport in flower formation of Arabidopsis thaliana was studied using a pinformed {pin) mutant (Rpin) transformed with the indoleacetamide hydrolase {iaaH) gene and the phenocopy of the pin mutant, which was induced by 9-hydroxyfluorene-9-carboxylic acid (HFCA). The application of indoleacetamide (IAM) did not change aberrant structure of the aerial part of Rpin {pin/pin), but extremely inhibited its root growth. Treatment with IAM increased the endogenous concentrations of free and conjugated IAA in Rpin normal {pin/+ or +/ + ) due to the expression of the iaaH gene, to 140% and 428% of those in non-treated plants, respectively, and those in Rpin to 378% and 120%, respectively. The activity of IAA polar transport in the inflorescence axis of Rpin remained low even in the presence of IAM, the activity being almost similar, to that in the pin mutant. The activity of IAA polar transport in the HFCA-induced phenocopy of the pin mutant was also extremely low, and it was not restored by the simultaneous application of IAA. Arabidopsis thaliana responded to HFCA applied from 7 to 11 d and from 25 to 29 d after germination in the wild-type plant (Enkheim ecotype) and the late flowering mutant (fb mutant), respectively. These results suggest that the construction of the system of auxin polar transport and its normal activities are essential for the differentiation and the formation of floral meristem in the early growth stage of Arabidopsis thaliana.
lated by temporal and spatial changes in the concentrations of plant hormones. There are numerous important studies on the relationship between IAA and flower formation. The activity of extractable auxin in leaves of Raphanus sativus is high in the plants with developing flower buds and low in vegetative plants showing vigorous stem elongation or in the plants with growing fruits (Goodwin 1978) . Exogenously applied auxin also has been reported to induce flowering in a long day plant, Hyoscyamus niger (Liverman and Lang 1956) .
At present, some flower mutants . of Arabidopsis thaliana are available for the study on the developmental processes of flower formation. For the study on the mechanisms of floral initiation, mutants of Arabidopsis genes LEAFY (Weigel et al. 1992) , APETALA 1 (Mandel et al. 1992) and CAULIFLOWER (Kempin et al. 1995) have been used. The pin-formed (pin) mutant having no flowers or abnormal flowers on the inflorescence axis (Goto et al. 1991 , Okada and Shimura 1994 is also useful for the study on the initiation and the development of the floral meristem. Previous studies on the pin mutant showed that the structure abnormalities of the pin mutant were not restored by the application of gibberellins (Goto et al. 1987) . The concentration of IAA and the activity of auxin polar transport in the inflorescence axis of the pin mutant were much lower than those of the wild type (Enkheim ecotype) . Moreover, the application of inhibitors of IAA polar transport to the wildtype plant of Arabidopsis induced the formation of inflorescence axis similar to that of the pin-formed mutant Shimura 1994) . These results strongly suggest that normal concentrations of endogenous IAA and/or the activity of IAA polar transport are required for flower formation of Arabidopsis thaliana.
To investigate the possibilities of recovery in morphological and physiological abnormalities of pin mutant, we applied IAA exogenously to the pin mutant and also constructed a transgenic pin mutant expressing the indoleacetamide hydrolase (iaaH) gene in Ti plasmid of Agrobacterium tumefaciens. IAA is known to be biosynthesized from tryptophan through a two-step reaction; first tryptophan is converted to indoleacetamide (IAM) by tryptophan monooxygenase (iaaM) and then IAM is converted to IAA by iaaH in Agrobacterium tumefaciens (Thomashow et al. 1984 , Schroder et al. 1984 . The presence of the biosynthetic pathway of IAA via IAM has not been confirmed yet in higher plants. The IAA level of leaf tissues in petunia transformed with T-DNA containing iaaH was about ten times higher than that of the nontransformant plants (Klee et al. 1987) . In this paper, we report the growth and development, and the activities of auxin polar transport in the inflorescence axis in the HFCA-induced phenocopy of the pin mutant and transgenic pin mutant with iaaH gene (Rpin) in the presence or absence of IAM which increases the endogenous concentration of IAA. Requirement of auxin polar transport in flower formation of Arab id ops is thaliana is also discussed.
Materials and Methods
Plant materials-The pin mutant and a late flowering fb mutant of Arabidopsis thaliana were kindly provided by Prof. Kranz, Goethe University, Germany, and Arabidopsis Biological Resource Center at Ohio State, respectively. Seeds were sterilized by immersion in a 70% ethanol for 1 min and a solution of 10% liquid bleach (Haitar; Kao Co., Ltd., Japan) for 10 min, followed by extensive washing with sterilized water. Seeds were germinated on Arabidopsis basal medium comprised of 5 mM KNO 3 , 2 mM MgSO 4 , 2 mM Ca(NO 3 ) 2 , 2.5 mM KH 2 PO 4 , 50 fiM Fe-EDTA, 70|/M H 3 BO 3 , 14JIM MnCl 2 , 0.5 piM CuSO 4 , 1 fiM ZnSO 4 , 0.2 /JM NaMoO 4 , 10 /JM NaCl and 0.01 ^M CoCl 2 and solidified with 2% agar. Seedlings just after germination were then transferred onto the Arabidopsis basal medium containing 0.5% Gellan Gum in Techno pots (Sumika Technos Co., Japan). Seedlings of pin/pin homozygotes were selected based on the abnormal morphology of cotyledons that were fused or warped and asymmetric. These containers were kept under continuous white fluorescent light of 8.0 W m~2 at 25°C. Chemical compounds were dissolved in ethanol and added directly to the 0.5% Gellan Gum medium before solidification. The formation of flower buds on the inflorescence axis was observed under a binocular microscope.
Chemicals-Indole-3-acetic acid (IAA), indole-3-acetamide (IAM) and indole-3-acetyl-i-aspartic acid (IAA-asp), and 9-hydroxyfluorene-9-carboxylic acid (HFCA) were purchased from Sigma Chemical Co., St. Louis, MO and Tokyo Kasei Kogyo, Inc., Japan, respectively. Naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) were also purchased from Wako Pure Chemical Co., Japan and [1-I4 C]IAA from American Radiolabeled Chemicals, Inc., St. Louis, MO. These compounds were used without further purification.
Transformation-Arabidopsis thaliana Columbia ecotype was transformed with pMON548, which is the plasmid containing the iaaH gene fused with cauliflower mosaic virus 35S promoter according to the method of Klee et al. (1987) . Columbia ecotype transformed with iaaH was referred to as R12. Pin/+ heterozygotes were cross-fertilized with R12. Pin/+ heterozygotes or +/+ homozygotes obtained was referred to as Rpin normal and pin /pin homozygotes as Rpin (Fig. 1) . Transformants showing green-colored seedlings were selected by kanamycin (100 mg liter"') resistance. T 2 seeds were collected and the ratio of greencolored seedlings to white-colored seedlings was checked on the medium containing kanamycin. The transformant lines showing almost 100% resistant to kanamycin were used for the experi- ment. The presence of iaaH gene in transformants was confirmed by PCR, in which the internal fragment of iaaH gene was amplified using primers of iaaHFl (5-GTTTGAAGTAGTTGCGATA-G-3') and iaaHRl (5-GCATGAGTTATCGTTTGGAA-3'). Seedlings of the transgenic Arabidopsis were transferred onto the Arabidopsis basal medium with 0.5% Gellan Gum containing IAM or IAA-asp. The length of roots of transgenic plants was measured after 8 d incubation to investigate the conversion of IAM to IAA. Determination of free and conjugated IAA-Rpin normal and Rpin plants were grown in pots for 30 to 40 d and then transferred to medium containing 10 pM IAM for 3 d. The aerial part of the plants including inflorescence axis were harvested and stored at -80°C before use. Endogenous amounts of free IAA were determined using a Hewlett Packard gas chromatographymass spectrometry (GC-MS) with d5 IAA as an internal standard according to the method described previously . For the measurement of conjugated IAA, the aqueous residue after the extraction using water-saturated diethylether was hydrolyzed with 2 M NaOH at room temperature over night.
The activity of IAA polar transport in inflorescence axisThe activity of auxin polar transport in the inflorescence axis was determined essentially as our method reported previously , Oka et al. 1995 . The inflorescence axes of Arabidopsis thaliana were cut into 2 or 3 cm long pieces in length and then put upside down into 1.5 ml Eppendorf plastic tubes containing 20^1 of [ 14 C]IAA. The final concentration of [ 14 C]IAA was adjusted to 1.75 fiM (1 fid ml" 1 ). After the incubation for 16 or 24 h at room temperature in the dark, 5 mm pieces opposite to the side in contact with radiolabeled-IAA were cut, and the radioactivity of the pieces was directly determined by a liquid scintillation counter.
Effective time of HFCA treatment on flower formation- Seeds were germinated on the basal medium and seedlings oi pin-formed mutant were selected based on abnormality of morphology of cotyledons just after germination. They were grown on the basal medium containing various concentrations of auxin. Observations were made 5 to 6 weeks after germination.° Some seedlings were damaged by the relatively high concentration of IAA, NAA or 2,4-D.
The seedlings of the wild-type plant (Enkheim ecotype) and a late flowering fb mutant of Arabidopsis thaliana were grown in the Arabidopsis basal medium containing 20 JIM HFCA for designated periods and then transplanted onto the HFCA-free basal medium. The reverse experiments were also done, in which the seedlings were grown in the HFCA-free basal medium for designated period and then transplanted onto the basal medium containing 20/uM HFCA. The formation of the first flower in inflorescence axis in wild-type and fb mutant was investigated at 20 and 42 d after germination, respectively.
Results
Effect of auxin on the growth of pin mutant-The pin mutant has been shown to carry a recessive nuclear mutation and the ratio of normal inflorescence to pin-like structure is 3 : 1. When IAA, NAA or 2,4-D was applied to the seedlings of pin/pin homozygotes, no normal inflorescence structures were observed, indicating that auxin applied exogenously was not effective for the recovery of flower formation in the pin mutant of Arabidopsis thaliana (Table 1) .
Growth and development of pin mutant transformed with iaaH gene-The presence of iaaH gene in Rpin was confirmed by PCR amplification of an internal fragment of iaaH gene. PCR fragments were verified to have an iaaH gene sequence by Southern hybridization probed iaaH gene. Phenotype of R12 was almost the same as that of non-transformed Columbia ecotype. The number of rosette leaves in Rpin was as low as that in the pin mutant. The morphology of the inflorescence axis of Rpin was similar to that of the pin mutant, which had no flowers or abnormal flowers on the inflorescence axis. The timing of bolting and the growth rate of inflorescence axis in Rpin were almost equal to those in the pin mutant. The application of IAM to Rpin had no effect on the number of rosette leaves and the morphology of inflorescence axis. IAA substantially inhibited the root growth of wildtype plant (Columbia or Enkheim) and transformants with iaaH gene (R12 and Rpin normal) at the concentrations of 0.1 /uM and higher ( Fig. 2A) . The root growth of all the transformants with the iaaH gene (R12, Rpin normal and Rpin) was extremely inhibited by IAM at the concentrations of 0.1 ,uM and higher, whereas the root growth of Columbia ecotype was not affected (Fig. 2B) . Moreover, many root hairs were found in all the transformants in the presence of IAM, as in wild-type plants grown on the basal medium containing IAA. IAA-asp had no effect on root growth of wild-type plants at the concentrations tested (Fig. 2C) . These results strongly suggest that the application of IAM increases the endogenous IAA concentration in the transformants with the iaaH gene, and that a large amount of IAA converted from IAM is not metabolized to any IAA conjugates, but remains in a free acid form. , the endogenous concentration of free IAA in Rpin was about 17% of that in Rpin normal. On the other hand, the concentration of conjugated IAA in Rpin was much higher than in Rpin normal. When plants were grown on the medium containing IAM, the concentrations of free and conjugated IAA in Rpin normal increased to 140% and 428% of non-treated plants, respectively. The concentrations of free and conjugated IAA in Rpin treated with IAM also increased to 378% and 120%, respectively ( Table 2) .
Endogenous IAA concentration in Rpin normal and Rpin plants-As reported previously
The activity of IAA polar transport in inflorescence axis in transgenic pin mutant-The activities of IAA polar transport in the apical and the basal portions of inflorescence axis of Rpin in the presence or absence of IAM were determined. As shown in Fig. 3 , the activity of IAA polar transport in inflorescence axis of Rpin was markedly lower than that of the wild-type plant or pin mutant. The activity of IAA polar transport in Columbia ecotype was not affected by exogenous application of IAM. The activities of IAA polar transport in R12 and Rpin normal were lower than that in Columbia ecotype in the presence of IAM at the concentrations higher than 1 ^M. The activity of IAA polar transport in the inflorescence axis of Rpin grown on the medium containing IAM was low irrespective of the IAM concentration, and similar to that of the pin mutant. Although endogenous concentrations of IAA in Rpin was increased by the presence of IAM due to the expression of the iaaH gene, the activity of IAA polar transport in Rpin was not affected by the exogenous I AM, and remained at a low concentration as in ihe pin mutant. Effect of HFCA on the activity of IAA polar transport in inflorescence axis of the phenocopy of the pin mutant-The morphology of the inflorescence axis of the wild-type plant grown on the basal medium containing 10 /iM HFCA resembled that of the pin mutant both in the presence and absence of IAA. As shown in Fig. 4A , the activity of auxin polar transport in inflorescence axis of the HFCA-induced phenocopy of the pin mutant was extremely low, and almost equivalent to that in the pin mutant. The activity of IAA polar transport in the inflorescence axis of the HFCA-induced phenocopy of the pin mutant was not affected by the presence of IAA, and was similar to that in the pin mutant. (Fig. 4B) .
Effective time of HFCA treatment on flower formation-All the seedlings of Enkheim ecotype transferred from the medium containing 20//M HFCA to the HFCAfree basal medium within 7 d after germination had normal structure at the top of inflorescence axis. When the time of transfer was delayed beyond the 7th d, frequencies of pin mutant-like structure without floral buds dramatically increased reaching 100% at the 13th d (Fig. 5A) . On the other hand, the plants transferred from the HFCA-free basal medium to HFCA-containing medium earlier than the 1 lth d after germination, had pin-formed inflorescence in about 85% of the plants. When the plants were transferred later than the 11th d after germination, almost all the first flowers were normal (Fig. 5B) . These results indicate that the formation of the first normal flower is inhibited by HFCA if it is applied from 7 to lid after germination. This critical 4 d may correspond to the timing of transition from vegetative to reproductive growth.
The same experiments were conducted with the fb mutant, which is a late flowering mutant derived from Landsberg erecta. All the seedlings of fb mutants transferred from HFCA-containing medium to the HFCA-free basal medium within 27 d had normal flowers. On the other hand, all of the plants transferred form the HFCAfree basal medium to HFCA-containing medium later than 31 d after germination had the pin mutant-like inflorescence axis (Fig. 6A) . All the seedlings of the fb mutant transferred from the HFCA-free basal medium to HFCAcontaining medium within 25 d after germination had a pin mutant-like inflorescence axis. Plants had a normal structure when they were transferred at 27 d after germination or later (Fig. 6B) . The susceptible time of the fb mutant to HFCA was much later than that of the Enkheim ecotype. 
Discussion
The processes of flower formation have four major steps: phase transition from vegetative to reproductive growth, formation of inflorescence meristem, formation of floral meristem, and development of floral organs. Developmental processes of flower formation have been extensively studied using many flower mutants of Arabidopsis thaliana. As described in Introduction, pin mutant has a unique structure of inflorescence axis, and low concentration of endogenous IAA and low activity of IAA polar transport in the inflorescence axis. In this mutant the expression of the gene related to the differentiation and the formation of floral meristem may be disrupted . These facts suggest that the endogenous auxin is an important factor in the differentiation and the formation of floral meristem in Arabidopsis thaliana. In this study, we confirmed this consideration using transgenic Arabidopsis with the iaaH gene.
IAA has been reported to inhibit root growth and promote the initiation of lateral root primordia (Torrey 1976 , Wightman et al. 1980 , Blakesley et al. 1991 . The Arabidopsis mutant overproducing IAA, which is designated superroot has many lateral roots (Boerjan et al. 1995) . These facts indicate that the inhibition of root growth and the formation of many lateral roots are important markers of overproduction of IAA. Exogenously applied IAM substantially inhibited root growth and extensively promoted the formation of lateral roots in R12, Rpin normal and Rpin which are carrying the iaaH gene, whereas IAM did not inhibit the root growth of Columbia ecotype. Endogenous concentrations of free and conjugated IAA in Rpin normal and Rpin were increased by the treatment with IAM. The concentration of free IAA in Rpin in the presence of IAM was ca. 64% of that in Rpin normal in the absence of IAM. From the effects of IAA and IAM treatment shown in Fig. 2 , and the results shown in Table 2 , endogenous concentration of free IAA in Rpin treated with IAM seems to be physiologically adequate. Moreover, cauliflower mosaic virus 35S promoter driving iaaH gene has been well known as a strong promoter that shows no tissue-specificity of gene expression (Odell et al. 1985) . It induces high gene expression in all the organs of Arabidopsis (Atanassova et al. 1992) , in the apical meristem of tobacco (Lepetit et al. 1992) and in floral organs of Arabidopsis (Tsukaya et al. 1993) . These facts together with the results in this study suggest that the inhibition of root growth of the transformants depends on the increase in the concentration of IAA converted from IAM by the expression of iaaH gene, and that IAA is overproduced even in the apical meristem of inflorescence axis in Rpin. Andreae and Van Ysselstei (1960) have already reported that IAA applied exogenously is easily converted into IAA-asp. A part of synthesized IAA is also reported to convert into IAA-asp in transformants with iaaM and iaaH genes of Agrobacterium tumefaciens (Feung et al. 1976 ). The effect of IAA-asp on the root growth of Arabidopsis thaliana was investigated, whereas IAA-asp is known to be physiologically inactivate. Indeed, IAA-asp did not inhibit the root growth of Arabidopsis seedlings in this experiment. Judging from the results obtained in this study together with the facts described above, the overproduced IAA of Rpin in the presence of IAM remained in a free acid form at a sufficient level even in the apical meristem of inflorescence axis, although the endogenous concentration of IAA has not been determined yet.
The activity of auxin polar transport in the inflorescence axis of Rpin was not restored by the application of IAM, and was the same as that of pin mutant. This suggests that the increase of endogenous IAA concentration has no effect on either the morphology of aerial parts or the activity of auxin polar transport in the inflorescence axis in Rpin. Recently, other flower mutants showing morphology of the inflorescence quite similar to pin mutant, designated as pinoid mutant (Bennett et al. 1995) and monopteros mutant (Przemeck et al. 1996) , have been reported. In both pinoid and monopteros mutants, the activity of auxin polar transport in inflorescence axes was significantly lower than that in wild-type plants. Judging from the evidence described above and the results in this study, normal activity of auxin polar transport rather than normal concentration of endogenous IAA seems to be required for normal flower bud formation. This hypothesis may be supported by the results of the experiment using auxin polar transport inhibitors. When auxin polar transport was inhibited in the wild-type of Arabidopsis, an aberrant structure just the same as that in the pin mutant was observed at the top of inflorescence axis , Ueda et al. 1992 . However, the application of auxin did not change the morphology of inflorescence in the phenocopy of the pin mutant induced by auxin polar transport inhibitors at the early stage of growth, as in Rpin grown on the medium containing IAM.
The Enkheim ecotype and fb mutant responded to HFCA applied from 7 to 11 d and from 25 to 29 d after germination, respectively (Fig. 5, 6 ). The growth stage at which application of HFCA was effective and the bolting time of Landsberg erecta, which is the wild type of the fb mutant were almost the same as those of the Enkheim ecotype (data not shown). HFCA was effective when it was applied at a much later growth stage in the/fr mutant than in the Enkheim ecotype. These results suggest that the developmental stage of the seedlings at which application of HFCA was effective coincides with the stage of differentiation and formation of floral meristem, supporting the idea that the activity of auxin polar transport plays an important role in flower formation. These results also suggest that normal flower formation requires a normal system of auxin polar transport and that the gene expression related to flower formation is regulated by auxin polar transport.
Recently, the PIN gene has been isolated by tagging of the maize transposon element En/Spm and its cDNA sequence determined (Galweilar et al. 1996 (Galweilar et al. , 1998 . The function of the product, a membrane localized protein, is not clear yet, but it may be related with the structure and function of the system of auxin polar transport.
